INTRODUCTION
The study and understanding of binary hydrogen silicon clusters has become an active subject of research in the last years. This is in part because silicon hydrides, neutral, and ions participate in important chemical reactions such as the formation of silicon thin films by chemical-vapor deposition, [1] [2] [3] hydrogenated amorphous silicon film growth, 4, 5 and silicon nanoparticle production. 6 In addition, the nature of silicon-hydrogen bond in silicon hydrides containing more than one silicon atom is of significant interest. Computationally, it is very difficult to handle large systems to understand how the addition of hydrogen alters the electronic structure of bare silicon systems. For this reason, theoretical studies of small systems such as disilyne ͑Si 2 H 2 ͒ ͑Refs. 7 and 8͒ and small monohydrides silicon clusters ͑Si n H͒ ͑Refs. 9-13͒ are important. In the study of the Si n H clusters one important issue is to know how the hydrogen atom is bonded to the silicon cluster and at which position. As the cluster grows the possible binding sites augment considerably and it is desirable to have a methodology to predict them.
In this paper, in an attempt to understand the reactivity of silicon clusters, a recently proposed local Fukui function 14 will be used to predict the most probable site where a hydrogen atom would bind to the silicon clusters. Since the hydrogen atom is more electronegative than the silicon clusters, it acts as an acceptor of charge. Therefore, it is expected that the reactivity will be driven by the highest occupied molecular orbital ͑HOMO͒ of the bare silicon cluster. In order to check the reliability of the predictions a detailed search for the more stable isomers of each Si n H͑n =3-10͒ has been done using a modified genetic algorithm. 15 This methodology has already been used to search for the more stable isomers of the bare silicon 16 and small Si n Cu 17 clusters.
In the past there have been various studies of the reactivity of clusters. Fuentealba and Savin 18 have analyzed the bonding of hydrogen to lithium clusters using the electron localization function ͑ELF͒. 19 Galvan et al. have studied the reactivity of Si 4 with a single atom ͑Si or Ga͒ 20 using the reactivity indices defined in the density-functional theory ͑DFT͒. The topology of the frontier orbitals were used by Chrétien et al. 21, 22 to propose simple rules which can be used to predict the binding site of propene to Au and Ag clusters. Mañanes et al. 23 have used the topology of the Fukui function and the atomic condensed Fukui function analysis to study the bonding and reactivity of H and Al 13 clusters. In a previous paper, 14 some of us have shown condensed Fukui functions for Li 4 and Si 4 clusters which are not related with atomic centers but with bonding regions, and the predictions are in good agreement with the results of Fuentealba et al. 18 and Galvan et al. 20 related to the reactivity of these clusters.
METHODOLOGY

Parr and Yang
24 defined the Fukui function as
which gives a measurement of the change of the chemical potential when a local change is induced in the external potential ͑r͒. N is the number of electrons in the system. It has been shown 25 that, in a first approximation, the Fukui function is equal to the square of the respective frontier orbital, the HOMO when the derivative is taken from the left, f − , and the lowest unoccupied molecular orbital ͑LUMO͒ when the derivative is taken from the right, f + . In the KohnSham scheme the Fukui function can be defined as
where KS ͑r͒ is the effective Kohn-Sham potential. Now, this derivative is exactly equal to the square of the respective frontier orbital,
where ␣ is the frontier orbital ͑␣ = HOMO or LUMO͒. This is an exact equation, and the so-implemented Fukui function is a positive definite function which normalizes to unity. [26] [27] [28] In a previous work 14 the condensation of this function using a numerical integration of the Fukui function over the basins of the Fukui function itself has been proposed and named f Ff ± for an acceptor or donor system. In this work, this function has been used to analyze the reactivity of the silicon clusters against a hydrogen atom.
In addition to this, for the search of the more stable isomers, a stochastic method which uses a parallel genetic algorithm ͑PGA͒ has been used. Bazterra ing it very portable as well as easy to maintain and upgrade. The coding method used here allows the treatment of the cluster represented by a genome of dimension 3N, where N is the number of atoms in the cluster. Moreover, any genetic operator, mating, crossover, mutation, etc., applied to this genome produces a valid individual, i.e., a possible structure for the desired cluster size. The GA operations of mating, mutations, and also the "cut and splice" operator introduced by Johnston and Roberts 30 are used to evolve one generation into the next one. All the energy calculations for the GA optimization were done with the MSINDO ͑Refs. 31-33͒ code. More details of the algorithm used here can be found in Refs. 15 and 16. The isomers selected by the MGAC/MSINDO calculations were fully optimized using the DFT method with the local spin-density approximation ͑LSDA͒, 34 B3LYP exchange correlation functionals, 35 and the MP2 method employing the 6-311+ + G ** basis sets. 36 Vibrational frequencies were calculated for the optimized structures to check that no imaginary frequencies are present. All these calculations were done using the package of programs GAUSSIAN 98. 37 The calculations of the condensed Fukui function were done over the more stable Si n ͑n =3-10͒ clusters 16, [38] [39] [40] with a modified version of the TOPគMOD set of programs.
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RESULTS AND DISCUSSION
The chemical potential, the negative of the absolute electronegativity, of the hydrogen atom is of −7.25 eV and the chemical potential of the silicon clusters ranges between −5.1 and −4.5 eV. Therefore it can be expected that silicon clusters act as a donor system and the donor Fukui function f Ff − should indicate the reactivity of the different regions of the clusters. In Fig. 1 , the basins associated to this function for the different clusters are depicted. The numerical value inside each volume represents the condensed Fukui function and it is calculated as the integration of the Fukui function over the respective volumes. The bigger is the number the more reactive is this region. Hence, the hydrogen atom should bind the cluster at the position where the condensed Fukui function presents the biggest value. In all cases the addition of a hydrogen atom at this position, after a complete optimization, produces a stable Si n H cluster without imaginary frequencies. The resulting structures are depicted in Fig. 2 .
To find the most stable hydrogenated silicon cluster for each value of n, the MGAC method has been applied to search for other isomers. All the obtained structures have been further optimized using the B3LYP/ 6-311+ + G ** level of theory. They are shown in Fig. 3 . It is important to note that all isomers predicted by the Fukui function have also been founded by the MGAC/MSINDO method. The isomers are ordered according to their relative energies with respect to the most stable isomer, and the ordering includes the clusters presented in Fig. 2 Fig. 4 . It is observed that the predictions yield the isomers Si 5 H ͑b͒ and Si 8 H ͑a͒ of Fig. 3 . It has also been observed that in the cases where the Si n skeleton of the Si n H cluster differs markedly from the structure of the parent Si n cluster, the Fukui function is not able to indicate the most stable isomer. To validate this point, for some clusters, the Fukui function of the Si n skeleton has been calculated. The results are presented in Fig. 5 where it can be observed that the maximum of the Fukui function is always in the positions where the hydrogen atom binds. It seems that the f Ff ± is, in part, a quantitative application of the rules proposed by Chrétien et al. 21, 22 Next, it is important to assess the quality of the obtained results. Therefore, the total energy and the binding energy per atom, BE= ͓E͑Si n H͒ − nE͑Si͒ − E͑H͔͒ / n, of all the clusters have been calculated using the already presented B3LYP/ 6-311+ + G ** , the LSDA/ 6-311+ + G ** , and the MP2 / 6-311+ + G ** methodologies. The results are presented in Table I . In a few cases, the self-consistent-field ͑SCF͒ 10 H are not presented because the computational cost becomes prohibitive.
It can be seen that in many cases the energy differences among different isomers are very small and outside the range of accuracy of the calculations. Hence, it is not possible to decide which one is the most stable isomer. In general, the MP2 results seem to separate better the energy of the various isomers but in many cases the energy ordering of the isomers differs with respect to the B3LYP results. It is clear that more elaborated calculations, which are not feasible at the present time, should be employed in order to elucidate the point. In Table II , the average Si-Si bond lengths with the respective standard deviations and the Si-H bond lengths are presented.
There is a good concordance among the three used theoretical methods. The LSDA bond lengths tend to be a little too short. Si-H distances for all the studied clusters are near to 1.5 Å when H atom binds only to one silicon atom and near to 1.7 Å when the H atom is in a bridge position reflecting the different type of bond. These results are in good agreement with the values reported by Prasad and co-workers 12, 13 and Yang et al. 42 Other properties are presented in Figs. 6 and 7. Figure  6͑a͒ displays the vertical ionization potentials of the most stable silicon clusters. They have been calculated through an energy difference between the neutral and the cation at the equilibrium geometry of the neutral one and they are compared to the energy of the HOMO which after Koopmans' approximation or Janak's theorem 43 can be considered as an 44, 45 The hardness of the more stable Si n and Si n H clusters is depicted in Figs. 6͑b͒ and 6͑c͒ , respectively. They were calculated in two different ways. First, as the difference between the vertical ionization potential and the electron affinity and second, as the difference between the energy of the LUMO and the energy of the HOMO. Both values follow the same trend. In comparing the hardness for the two families of clusters, Si n and Si n H, it is observed that there is no correlation between them which can be attributed to the changes in the geometrical structure when a hydrogen atom is added. These have been also observed by Li and Gong between neutral and charged silicon clusters. 45 A comparison between the mean polarizability calculated from the polarizability tensors as ͗␣͘ =1/3͑␣ xx + ␣ yy + ␣ zz ͒ for the most stable Si n and Si n H isomers is presented in Fig. 6͑d͒ . In both families of clusters the dipole polarizability increases almost linearly with the number of atoms, and the effect of adding a hydrogen atom is almost negligible. The reason for this behavior should lie on the small value of the dipole polarizability of a hydrogen atom in comparison to the value in the silicon cluster. In Fig. 7͑a͒ the adsorption energy of H atom to the Si n cluster, D c = E͓Si n ͔ + E͓H͔ − E͓Si n H͔, are displayed and compared with the inverse of the binding energy per atom of the corresponding silicon cluster. Both quantities present a good correlation after considering the fact that for 
Cluster Isomer n = 5 and 8 the more stable hydrogenated clusters do not come from the most stable silicon clusters but from the ones depicted in Fig. 4 . It can be observed that those values for those clusters improve considerably the correlation. This good correlation implies that the more stable the cluster is, the less reactive it is.
To study the geometrical relaxation of a silicon cluster when a hydrogen atom is added to it, the energy difference between the silicon skeleton of the hydrogenated cluster and the equilibrium geometry of the corresponding silicon cluster has been calculated. The results are presented in Fig. 7͑b͒ . It can be seen that Si 4 , Si 5 , Si 7 , and Si 10 clusters are geometrically more stable. The results are in good agreement with those presented by Balamuragan and Prasad 13 with the exception of Si 5 . This difference can be explained because they compared the geometrical stability of Si 5 with respect to the D 3h singlet structure and here it is compared with respect to the Si 5 C 2v triplet structure.
CONCLUDING REMARKS
The bonding of a hydrogen atom on small silicon clusters, Si n ͑n =3-10͒, has been studied. In particular, it has been shown that the recently introduced condensed Fukui function is able to predict the most favorable bonding site in all the cases where the skeleton of the silicon cluster does not change significantly. The results corroborate that the use of the Fukui function is only valid when the adsorption process does not induce strong deformations in the cluster. In those cases, it is necessary to consider the possibility that the most stable hydrogenated cluster does not come from the most stable parent silicon cluster. To validate this conclusion, a stochastic genetic algorithm has been used to explore the complete configurational space available for each Si n H. The so-constructed clusters have been further optimized by three different all-electron methods, and various properties have been studied. In particular, it has been found that the average dipole polarizability for both series of clusters, Si n and Si n H, increases linearly with the number of atoms, and the effect of adding a hydrogen atom is almost negligible. 
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